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Acetoacetate D-fl-hydroxybutyrate brain ketone bodies glucose oxygen uptake concentrations above 1 mmol/liter. There was an approximately linear relationship between arterial concentration of acetoacetate and its cerebral arteriovenous difference in both infant and adult rats. A similar relationship was found for D-P-hydroxybutyrate only in infant animals. In the fed state, the cerebral uptake of glucose and ketone bodies (micromoles per (mg DNA x min)) was not different in infant and adult rats. During starvation, cerebral uptake of ketone bodies expressed as micromoles per (mg DNA x min) was higher in infant than adult rats, indicating a higher rate of utilization of ketone bodies per cell in these animals. For glucose, no such difference was found in either fed or starved groups (Table 3 ). The average percentage of the total cerebral uptake of substrates (micromoles per min) accounted for by ketone bodies increased in both infant and adult rats during starvation. This percentage value was clearly CEREBRAL U P T A K E O F GLUCOSE, KETONES, A N D 0, 91 1 higher in infant than adult rats during starvation. After 72 hr of starvation the values were 38.8% and 15.2% in infant and adult rats, respectively (Fig. 3 ).
Calculated cerebral metabolic rate for oxygen ( C M R O , )
. assuming complete oxidation of glucose and ketone bodies and expressed as micromoles per (mg D N A x min ). was similar in fed and starved rats of both age groups (Tahle 3). indicating that ketone bodies serve as an alternative substrate for glucose during starvation. Calculated C M RO, for glucose plus ketone bodies was similar to the measured C M R O , in adult rats both in the fed and the starved groups. For infant rats. calculated C M R O , for glucose plus ketone bodies was higher than measured C M R O , , indicating that in this age group a portion of substrate was used for synthesis or storage rather than for complete oxidation.
Speculation
The present study supports the concept that during the period of maximum myelination in rat brain. when the need of substrate for synthesis of lipid and protein is great. the infant rat brain is adapted to a higher utilization of D-j3-hydroxybutyrate and acetoacetate than later on in life. Thus, during starvation when glucose supply is limited but acetoacetate and D-j3-hydroxybutyrate are available, the synthesis of myelin could be preserved.
In the rat, the capacity to utilize ketone bodies in different organs changes during maturation. Thus the activities of the enzymes involved in ketone body catabolism, i.e.. D-P-hydroxybutyrate dehydrogenase (EC. 1.1.1.30). 3-0x0-acid-CoA-transferase (EC. 2.8.3.5). and acetoacetyl-CoA-thiol~~se (EC. 2.3.1.9) are low in the kidneys and heart of the infant rat but gradually increase to reach adult values at approximately 5 weeks of age (18. 19) . In the brain. however. the activity of acetoacetyl-CoA-thioI3se is higher in infant rats from birth and throughout the suckling period compared with that in adult animals (21) . Theactivities of D-fi-hydroxybutyrate dehydrogenase and 3-0x0-acid-CoA-transferase in rat brain are comparable with adult levels at birth. increase several fold during the suckling period to reach a maximum at 20 days of age. after which they gradually decline (7, 17. 2 I).
I n vrtro studies have shown that when brain slices of 5-day-old rats were incubated with glucose or acetoacetate, the oxygen consumption increased equally with either substrate (10) . Furthermore, the formation of acetyl-coenzyme A occurred more readily from acetoacetate or DL-j3-hydroxybutyrate than from glucose in cerebral cortex slices from infant rats. This was in contrast to findings in adult rat brain (14) .
In vivo studies have disclosed higher cerebral arteriovenous differences of D-j3-hydroxybutyrate and acetoacetate in infant than in adult rats at the same arterial concentrations, whereas arteriovenous differences of glucose were the same (13) . The utilization rates of glucose and ketone bodies by the brain of 18-day-old rats have recently been assessed during compartmental analysis of isotopic data (6) . Similar studies have not been perforrrled in adult rats.
The purpose of the present study was to compare the rate of cerebral utilization of oxygen, glucose, acetoacetate, and D-j3-hydroxybutyrate in infant and adult rats in vivo and to determine the influence of starvation on the relative proportion of glucose and ketone bodies used by the brain. Estimations of the rate of cerebral utilization of substrates were based on measurements of cerebral blood flow and the cerebral arteriovenous differences.
were used. The animals were kept at an environmental temperature of 22 25". had free access to water, and were fed a commercial rat chow (32) when not starved. Cerebral blood flow was measured in I I adult and 14 infant rats. These groups will be referred to as CBF groups. CBF was also measured in four adult and six infant rats al'ter 48 hr of starvation. Cerebral arteriovenous differences of acetoacetate, D-Phydroxybutyrate, glucose. lactate, and oxygen were studied in 22 adult rats, 9 of which were fed, 6 starved for 48 hr, and 7 starved for 72 hr; and in 22 infant rats, 7 of which were fed, 7 starved for 48 hr, and 8 starved for 72 hr. These groups will be referred to as cerebral arteriovenous difference C(o-v) groups.
All rats were anesthetized with an intraperitoneal injection of Na-5-ethyl-5-(I-methylpropyl)-2-thiobarbituric acid (33) in a dose of 80 mg/kg body weight. The rats were tracheotomized and put on a heating pad, rectal temperature being kept at 36.5-37.5". A catheter was introduced via the right axillary artery and placed with its tip at or immediately inside the aortic valves. The exact position of the catheter was checked by inspection when the animal was killed. Each experiment was started by drawing an arterial blood sample for immediate analysis of pH and pCO, using the Astrup technique and a radiometer equipment (34) . Animals with pCO, exceeding 50 mm Hg were excluded.
MEASUREMENT OF CEREBRAL BLOOD FLOW
Cerebral blood flow was measured with labeled microspheres according to the technique originally described by Rudolph and Heymann (25) . 141Ce-labeled carbonized microspheres were obtained from 3M Co.. St. Paul. Minn., and stored in a saline solution containing a detergent (Tween 80). A sphere size of 35 5 pm was selected as these spheres were found to be completely trapped in the brain vessels, whereas smaller spheres (15 5 pm) were recovered in significant amounts in cerebral venous blood samples. Immediately before use, the batch of spheres were sonicated for 5 sec at 20 kHz (35) . The saline solution was discarded after sedimentation of the spheres. The microspheres were then mixed with 0.1 ml heparinized rat blood and injected during approximately 25 sec into the axillar catheter under continuous rolling of the syringe. Simultaneously, a reference sample, was drawn at a constant rate of 0.3 ml/min from a catheter in the left femoral artery using a continuous infusion apparatus (36).
The animal was killed by decapitation and the brain, including the cerebellum, was removed and immediately weighed. The brain, reference sample, injection syringe, and catheters were counted separately in a scintillation counter of the well type (37).
If the spheres are evenly mixed at the injection site, they behave as blood particles but are trapped in the capillary system. The flow to an organ can be calculated according to the formula: Blood flow (ml/min) = [(number of microspheres in organ x 0.3)/(number of microspheres in arterial sample)] (19) . Any blood or tissue sample counted containing less than 400 microspheres was excluded for statistical reasons (2).
MEASUREMENT OF CEREBRAL ARTERIOVENOUS DIFFERENCES
A small hole was drilled in the skull above the confluence of the sagittal and the transverse sinuses. The dura was penetrated with an injection needle and venous blood was sampled with a heparinized syringe ensuring a minimum of air contamination. Arterial blood was drawn simultaneously from the catheter in the axillary artery. Aliquots of 50 pl wire collected
MATERIALS A N D M E T H O D S
in microcapillars, which thereafter were sealed at both ends, stored on ice, and analyzed for oxygen content within 20 min.
STUDY PROTOCOL
Ten microliters of each blood sample were immediately deproteinized with ice-cold perchloric acid for later analysis of A total of 33 adult (3-month-old) female rats and 46 infant lactate. Aliquots of blood were also taken for determination (20-day-old) rats of both sexes of the Sprague-Dawley strain of hemoglobin. The rest of the blood samples were stored in ice water and centrifuged within 15 min. The plasma was stored at however, was significantly higher in adult than in infant rats -22" until analyzed for glucose. D-@-hydroxybutyrate, and (Table I) . Mean rectal temperature, mean pH, and mean p C 0 2 acetoacetate. Acetoacetate was always analyzed within 72 hr. are listed in Table I . None of these parameters was signifiAfter decapitation of the rats, the brain was removed, weighed, cantly different between adult animals of the CBF and C(a-v) and stored frozen until analyzed for DNA content.
groups. The same was true for infant animals.
CHEMICAL ANALYSES CEREBRAL BLOOD FLOW
Oxygen content was analyzed as earlier reported (23) .
CBF (Table I) , expressed as milliliters per (g brain tissue x
Enzymatic micromethods were used for analysis of plasma min), was not significantly different between infant and adult acetoacetate and D-P-hydroxybutyrate (22) , glucose (29) , and rats. Total CBF (milliliters per min), however, was signifilactate (5). Extraction of DNA from the brain was performed cantly higher in adult than infant animals. CBF in four adult according to the method of Zamenhof et al. (31) and DNA was rats and six infant rats starved for 48 hr was 0.71 + 0.12 and measured according to the method of Burton (4) as modified by 0.43 * 0.06 ml/(g brain x rnin), respectively (mean + SEM).
Zamenhof et al. (3 1) . These values were not significantly different from those of fed animals of either age group.
CALCULATIONS
T o estimate cerebral uptake of substrates, mean cerebral blood flow (milliliters per min) obtained from the CBF groups was multiplied with the mean whole blood value for arteriovenous difference of each of the substrates determined in the C(a-v) groups. These calculations were based on the following formulas for expected means (E) and variances (V) of the
, where mean CBF = EtA) and
As concentrations of acetoacetate, D-0-hydroxybutyrate, and glucose were measured in plasma, these values had to be transformed to whole blood concentrations. Whole blood and plasma concentrations of acetoacetate, D-P-hydroxybutyrate and glucose were simultaneously determined in duplicate samples from 10 infant and 10 adult rats fed or starved for 24 to 48 hr. From the regression lines thus determined the following formulas were obtained; for infant rats: ulasma acetoacetate = 1.26 x whole blood acetoacetate + 0.0i (r = 0.997), plasma D-P-hydroxybutyrate = 1.07 x whole blood D-P-hydroxybutyrate + 0.04 (r = 0.999) and plasma glucose = 1.05 x whole blood glucose + 0.10 (r = 0.984); for adult rats: plasma acetoacetate = 1.42 x whole blood acetoacetate + 0.02 ( r = 0.998), plasma D-P-hydroxybutyrate = 1. 34 x whole blood D-P-hydroxybutyrate + 0.01 (r = 0.996), plasma glucose = 1.15 x whole blood glucose + 0.87 (r = 0.920).
STATISTICAL METHODS
For analysis of cerebral arteriovenous differences and comparison of calculated CMRO, and measured CMROz in the same animal, the paired I-test was used. In analysis of the cerebral uptakes of infant and adult rats (Table 3) , varitinces were assumed to be unequal and the approximate t-test (28) was used. For all other analyses Student's t-test was used. When P was less than 0.05, differences were considered to be statistically significant.
RESULTS

BODY WEIGHTS
Body weights of all animals are listed in Table I Brain weight and brain DNA concentration (Table I) were unaffected by 72 hr of starvation. The brain DNA concentration was not significantly different between infant and adult rats in either fed or starved groups. Total brain DNA content,
ARTERIAL CONCENTRATIONS OF PLASMA ACETOACETATE. D-B-HYDROXYBUTYRATE, GLUCOSE, LACTATE, AND OXYGEN
Arterial concentrations of plasma acetoacetate D-P-hydroxybutyrate, glucose, lactate, and oxygen are given in Table 2 . The mean arterial concentrations of D-P-hydroxybutyrate were significantly higher in infant rats fed or starved for 48 hr compared with those in adult rats. Mean arterial lactate concentration was higher in fed infant than in fed adult rats. However, infant rats had lower arterial lactate concentration than adult rats after 48 hr of starvation. Arterial oxygen content was significantly lower in infant than in adult rats. The same was true for hemoglobin concentrations (Table 1) . Calculated oxygen saturation of hemoglobin was approximately 75, 73, and 90%, respectively, in adult rats that had been fed or starved for 48 and 72 hr. The corresponding figures were 89, 66, and 63% respectively, in the infant rat groups. These values for oxygen saturation of hemoglobin corresponds to a p a 0 2 well above 50 mm Hg in all groups (9).
CEREBRAL ARTERIOVENOUS DIFFERENCES
The cerebral arteriovenous difference of acetoacetate was significantly higher in infant than in adult rats both in the fed and starved states ( Table 2 ). The cerebral arteriovenous differene of acetoacetate was also significantly higher in infant than adult rats at corresponding arterial concentrations of acetoacetate (intervals tested: 0-0.3, 0.3-0.6, and 0.6-0.9 mmol/liter) (Fig. 1) . The cerebral arteriovenous difference of D-P-hydroxybutyrate was significantly higher in starved infant than in starved adult animals ( Table 2 ). The relation between the arterial D-P-hydroxybutyrate concentration and the cerebral arteriovenous difference of D-P-hydroxybutyrate was approximately linear in infant rats but in adult rats this relation seemed to level off (Fig. 2) . At an arterial D-P-hydroxybutyrate concentration of 1-1.5 and 1.5-2 mmol/liter, cerebral arteriovenous differences were significantly higher in infant than adult rats at corresponding arterial concentrations ( P < 0.05 and P < 0.01, respectively). At lower arterial concentrations there was no significant difference. Cerebral arteriovenous differences of glucose were not different between infant and adult rats in either fed or starved groups (Table 2 ). Significant amounts of lactate were released by the brain in all groups studied. After 48 hr of starvation, cerebral arteriovenous difference of oxygen was significantly lower in infant than in adult rats ( P < 0.02). Cerebral arteriovenous differences of oxygen was also lower in infant rats starved for 48 hr than in fed infant rats ( P < 0.01).
CALCULATED CEREBRAL UPTAKE OF DIFFERENT SUBSTRATES
The calculated cerebral uptake of acetoacetate expressed as micromoles per (mg DNA x min) was significantly higher in infant than in adult animals after 72 hr of starvation. The calculated uptake of D-P-hydroxybutyrate was significantly CEREBRAL UPTAKE O F GLUCOSE, KETONES, AND 0, 9 13 higher in infant rats starved for both 48 and 72 hr than in adult animals. There was no significant difference between infant and adult animals in cerebral uptake of glucose in either fed or starved animals ( Table 3 ). The determined mean values for total cerebral uptake of ketone bodies and glucose (in micromoles per rnin) were not significantly different between adult and infant rats in either fed or starved groups (Fig. 3) . The mean values for fed animals were not significantly different from mean values of animals starved for 72 hr in either adult or infant groups. During starvation the average percentage of the total substrate uptake accounted for by ketone bodies increased in both adult and infant animals (Fig. 3) . This percentage value was clearly higher in infant than in adult rats; after 72 hr of starvation the values were 38.8% and 15.2%, respectively.
CALCULATED A N D MEASURED CEREBRAL METABOLIC RATE FOR OXYGEN (CMRO,)
Calculated CMRO,, assuming complete oxidation of glucose and ketone bodies, and measured CMRO, expressed as micromoles/(mg DNA x min) are given in Table 3 . The calculated CMRO, value attributable to ketone bodies was 27.3% and 39.190 of the calculated total oxygen consumption in infant rats starved for 48 and 72 hr, respectively, and 18.4% and 16.7% in starved adult rats, respectively. The calculated CMRO, values attributable to ketone bodies were significantly higher in starved infant than in starved adult rats. However, no significant differences were found for calculated CMRO, due to glucose when comparing infant with adult rats of either fed or starved groups. Calculated CMRO, due to the sum of ketone bodies and glucose was significantly higher than the measured CMRO, in starved infant rats ( P < 0.01 and P < 0.001 after 48 and 72 hr starvation, respectively). The measured and calculated CMRO, values in adult rats fed or starved were about identical. In groups starved for 48 hr the measured CMRO, was significantly higher in adult than in infant rats. The measured CMRO, in infant rats was significantly higher ( P < 0.02) in fed animals than in animals starved for 48 hr.
DISCUSSION
In the present study CBF was determined using radioactive microspheres as this technique is suitable for flow measurements in small animals. Published reoorts on CBF in rats must be cautiously evaluated as results are dependent on the type of anesthesia and the technique used for blood flow rneasurements. Thus, Norberg and Siesjo (20) , using a 133Xe modification of the Kety and Schmidt principle, reported an average CBF value of 1.37 ml/(g x min) in adult rats (20) . In that study the rats were lightly anesthetized with nitrous oxide and the flow measured represented cortical flow which is higher than that of other structures in the rat brain (11). Goldman and Sapirstein ( l l ) , using an indicator-fractionation technique,
reported CBF values varying between 0.77 and 1.06 ml/(g x min) in different structures of the brain of conscious adult rats Our mean CBF value (representing total CBF) of 0.62 ml/(g x min) in adult rats was thus in good agreement with those previously reported values determined during a similar type of anesthesia. In the present study we had to assume that anesthesia had a similar effect on CBF in infant and adult animals. Starvation for 48 hr did not affect CBF in either infant or adult animals. This was in agreement with the findings of Norberg and Siesjii (20) in adult rats.
Previous studies on the developmental changes in total CBF in human (15, 26) and regional CBF in dog (16) indicate that during certain periods of development these values are higher than those found in adults. In the present study no such difference was found between 20-day-old infant and adult rats when expressing CBF in ml/(g x min).
As the injected microspheres produce microinfarcts and thus might disturb cerebral metabolism, cerebral arteriovenous differences were determined in other groups of animals. The experiments were designed to minimize differences in factors known to affect CBF and CMRO,, such as type of anesthesia, rectal temperature, pH, and pCO,. In starved infant rats of the C(a-v) groups, however, a moderate hypoxia was present, as reflected by low oxygen saturation values, probably caused by brief respiratory irregularities observed in these rats at the moment of skull puncture. This mild hypoxia with paO, well above 50 mm Hg would not affect cerebral metabolism (27) . Neither would CBF have been seriously affected (1).
The mean values for cerebral arteriovenous differences of glucose, lactate, and oxygen in infant and adult rats were in general agreement with those reported by Hawkins et al. (13) . Arterial concentrations of acetoacetate and D-P-hydroxybutyrate were slightly lower in our rats both in fed and starved groups compared with those reported by Hawkins et a!. (13) . This difference might be due to different rat strains used. However, at a given arterial concentration of acetoacetate and P-hydroxybutyrate, respectively, cerebral arteriovenous differences were in good agreement with results reported by these authors. At any given arterial concentration of acetoacetate and at arterial concentrations of D-P-hydroxybutyrate above 1 mmol/liter, cerebral arteriovenous differences were significantly higher in infant than in adult rats, indicating a higher capacity to utilize ketone bodies. In agreement with previous studies (13, 24) was the finding of an approximately linear relationship between arterial concentration and cerebral arteriovenous difference of acetoacetate in both infant and adult rats and of a similar relationship between the arterial concentration of D-P-hydroxybutyrate and its cerebral arteriovenous difference in infant rats. The present finding that this relationship seemed to be nonlinear in the adult rats could indicate either that the transport capacity of D-P-hydroxybutyrate into the brain was saturated or that the substrate concentration for the rate-limiting enzyme in D-P-hydroxybutyrate catabolism was close to that for V,,,.
It is well documented that the metabolic activity in different parts of the brain differs considerably during development as may regional blood flow. In the present study only total cerebral uptake of different substrates was considered when comparing infant and adult rats. When doing so it seemed reasonable to take into account differences in cell number and therefore the rates of utilization of different substrates were expressed per milligram of DNA. Total brain DNA content in infant and adult rats was in agreement with values reported by Winick (30) . The present findings of higher quantitative cerebral uptake of D-8-hydroxybutyrate and acetoacetate per mg DNA by starving infant rats than by starving adult rats corresponds well with the in vitro findings of a higher capacity to utilize ketone bodies in infant than in adult rat brain (10, 14, 17, 18, 21) . The mean rate of cerebral utilization of glucose was 0.44 Fmol/(g brain tissue x min) in adult rats, which was in reasonable agreement with that given by Hawkins et al. (12) for pentobarbital-anesthetized adult rats. During starvation there was no significant difference in cerebral glucose uptake (per mg DNA and min) between infant and adult animals in the present study. However, in both infant and adult animals, calculated CMRO, values due to sum of ketone bodies and glucose, assuming complete oxidation and taking into account lactate ~roduction. were a~~r o x i m a t e l y the same in fed and starved 'animals. This indicates that -ketone bodies serve as alternative substrates for glucose during starvation. This is in agreement with the data of Cremer et al. (6) In adult animals, calculated CMRO, values due to sum of ketone bodies and glucose were in good agreement with the measured CMRO,. Cerebral arteriovenous difference of oxygen was in agreement with previously reported values (13, 24) . In infant animals, however, calculated CMRO, values were significantly higher than the measured CMRO, in the starved groups and the same tendency was found in fed animals. This could indicate that a portion of substrate was not completely oxidized but was used for synthesis or storage. The calculated oxygen equivalents based on the cerebral arteriovenous differ- Table 3 . Cerebral uptake (micromoles per (mg DNA x min)) of acetoacetate (AcAc),' 8-hydroxybutyrate (HBA),l g l u~o s e ,~ and oxygen and the calculated oxygen equivalents2 due to ketone bodies and glucose in adult (3-month-old) and infant (20- Whole blood values were calculated from plasma values as described in "Materials and Methods" and cerebral uptake by multiplying whole blood a-v difference (milliliter moles per (mg DNA x milliliter)) by cerebral blood flow (milliliters per min) and using statistical formulas given in "Methods."
=The amount of oxygen necessary for complete oxidation of ketone bodies was calculated using the formula (4.5 x (HBA) + 4.0 x (AcAc)) and for glucose using 6 x glucose -lactate .
( -1 2
Values are given as mean + SEM. ns.: not significant. Furthermore, D-8-hydroxybutyrate has been shown to be a major precursor of amino acid synthesis in infant (15-day-old) rat brain (8) .
The present study gives additional support to the concept that at 20 days of age when the rate of myelination in rat brain reaches a maximum and substrate need for lipid and protein synthesis is great, the infant rat brain is adapted to a higher utilization of D-8-hydroxybutyrate and acetoacetate than the adult rat. Thus, during starvation when glucose supply is limited but acetoacetate and D-8-hydroxybutyrate are available, myelin synthesis could be preserved. was similar in infant (20-day-old) and adult (3-month-old) rats. During starvation, the average percentage of the total cerebral uptake of substrate (expressed as micromoles per min) accounted for by ketone bodies increased in both infant and adult rats. This percentage value was clearly higher in infant than adult animals. Cerebral uptake of ketone bodies expressed as micromoles per (mg DNA x min) was significantly higher in infant than adult rats during starvation, indicating a higher rate of utilization of ketone bodies per cell in these animals. No such difference was found for glucose in either fed or starved groups. Calculated cerebral oxygen consumption, assuming complete oxidation of glucose and ketone bodies, was similar in fed and starved animals of both ences of substrates were in agreement with values earlier reported for infant rats (13) . A similar discrepancy between calculated and measured CMRO, has recently been found in children under I year but not in older children or adults (26) . These observations could indicate an age-dependent difference in cerebral metabolism. However, it can not be excluded that such a difference in cerebral metabolism might be related to age-dependent differences in sensitivity to anesthesia.
In infant rats, measured CMRO, was significantly decreased during starvation. This might either be interpreted as a part of the metabolic adjustment to starvation or again as reflecting a different sensitivity to anesthesia during starvation in this age group.
Reported activities of acetoacetyl-CoA synthetase (acetoacetate-CoA ligase) and acetoacetyl-CoA-thiolase, the two enzymes that catalyze the transfer of acetoacetate via acetoacetyl-CoA to acetyl-CoA, were high in suckling rat brain cytosol (3), indicating a direct pathway for utilization of age groups and thus ketone bodies might serve as alternative substrates for glucose during starvation. In the infant rats, calculated CMRO, was higher than measured CMRO,, indicating that in these rats a portion of the substrate was not completely oxidized but was used for synthesis or storage.
